Introduction
============

Fast synaptic transmission in the nervous system is mediated by ligand-gated ion channels, which are highly concentrated at postsynaptic membrane specializations (Figure [1](#F1){ref-type="fig"}). At inhibitory synapses, the scaffolding protein gephyrin has been shown to be essential for the synaptic localization of glycine receptors (GlyRs) and major GABA~A~ receptor (GABA~A~R) subtypes (Kneussel and Betz, [@B40]; Moss and Smart, [@B59]). Ablation of gephyrin expression by either antisense depletion in cultured neurons or gene knockout (KO) in mice prevents the clustering of GlyRs (Kirsch and Betz, [@B36]; Feng et al., [@B14]) and α2- and γ2-subunit containing GABA~A~Rs (Essrich et al., [@B11]; Kneussel et al., [@B42]; Luscher and Keller, [@B49]) at developing postsynaptic sites. In gephyrin KO animals, the loss of gephyrin from inhibitory synapses leads to death on postnatal day 0 (P0; Feng et al., [@B14]). The generalized stiffness of the musculature seen in the newborn gephyrin-deficient mice resembles the rigid, hyperextended phenotype resulting from poisoning with the GlyR antagonist strychnine and is consistent with a loss of motoneuron inhibition (Feng et al., [@B14]). Besides its role in GlyR and GABA~A~R clustering, gephyrin has an essential function in molybdenum cofactor (MoCo) biosynthesis (Feng et al., [@B14]; Stallmeyer et al., [@B78]). However, MoCo-deficient mice (Lee et al., [@B46]) survive for up to 11 days after birth. Furthermore, transgenic expression of the plant homolog Cnx1 partially rescues MoCo synthesis in gephyrin KO mice but does not prolong their survival (Grosskreutz et al., [@B21]). The early postnatal lethality of the gephyrin KO mice thus is likely due to the lack of postsynaptic inhibitory receptors and not MoCo-deficiency.

![**Schematic representation of the postsynaptic protein scaffold at inhibitory synapses**. Gephyrin is proposed to form a hexagonal lattice beneath the plasma membrane, onto which inhibitory receptors (GlyRs and GABA~A~Rs) are anchored. Cb is required for the postsynaptic clustering of gephyrin at GABAergic synapses. Neuroligin 2 binds to Cb and functions as a specific activator of Cb, thus guiding membrane tethering of the gephyrin scaffold to inhibitory postsynaptic sites. However, GABA~A~Rs containing the α2 subunit in the cerebellar cortex require the dystrophin--dystroglycal complex and not gephyrin for their targeting to inhibitory postsynapses, suggesting the existence of dystrophin-dependent and gephyrin-independent mechanism for the clustering of selected GABA~A~R subtypes. At glycinergic synapses, gephyrin and GlyRs are targeted to the postsynapses independently of Cb. Newly synthesized GlyRs reach the plasma membrane through active transport along microtubules. Gephyrin interacts directly with KIF5 and GlyRs, and the gephyrin/KIF5/GlyR complex moves in anterograde directions toward the plus ends of microtubules. A GlyR/gephyrin/dynein transport complex mediates retrograde minus end-directed microtubule transport to intracellular compartments upon GlyR internalization. Of the known additional gephyrin-interacting factors, profilin and Mena/VASP are shown. Abbreviations: DHL, dynein heavy chain; DLC 1/2, dynein light chain 1/2; GABA~A~R, GABA~A~ receptor; GlyR, glycine receptor; KIF5A, B, C, kinesin family protein 5A, B, and C; Mena, microfilament adaptors of the mammalian enabled; NRXα, neurexin α; NRXβ, neurexin β; PI3P, phosphatidylinositol-3-phosphate; VASP, vasodilator stimulated phosphoprotein.](fncel-05-00011-g001){#F1}

Gephyrin is a 93-kDa protein that contains three major domains: an amino-terminal G-domain, a carboxyterminal E-domain and a central linker region. The crystal structures of the G- and E-domains have been determined. The G-domain is homologous to the *Escherichia coli* protein MogA and forms a trimer (Liu et al., [@B48]; Sola et al., [@B77]), whereas the E-domain is homologous to the *E. coli* protein MoeA and forms a dimer (Sola et al., [@B76]; Kim et al., [@B34]). Based on the oligomerization properties of the E- and G-domains, full-length gephyrin was proposed to form a hexagonal lattice beneath the plasma membrane onto which inhibitory receptors are anchored (Kneussel and Betz, [@B40]; Sola et al., [@B76]). Consistent with this model, disruption of G-domain trimerization and E-domain dimerization through the introduction of charged residues at the oligomerization interfaces impaired postsynaptic gephyrin clustering (Saiyed et al., [@B67]).

Gephyrin depends on both actin microfilaments and microtubules for synaptic targeting and submembranous scaffold formation (Kirsch and Betz, [@B37]; Allison et al., [@B1]; Bausen et al., [@B2]; Maas et al., [@B51]). These interactions are thought to be critical for the postsynaptic localization and intracellular transport of gephyrin (Kneussel, [@B39]; Fritschy et al., [@B16]; Figure [1](#F1){ref-type="fig"}). Furthermore, in dissociated hippocampal neurons small highly mobile, probably vesicle-associated gephyrin particles have been shown to be added to and removed from synaptic gephyrin clusters over a time scale of a few minutes (Maas et al., [@B51]). This, together with a direct interaction of gephyrin with the microtubule-associated motor proteins kinesin superfamily protein 5 (KIF5; Maas et al., [@B50]) and dynein light chains 1 and 2 (dlc1/2; Fuhrmann et al., [@B17]), provides evidence for an active intracellular transport of gephyrin. Gephyrin has also been shown to bind to mammalian enabled (Mena)/vasodilator stimulated phosphoprotein (VASP; Giesemann et al., [@B19]; Bausen et al., [@B2]). Furthermore, it has been shown that recombinant gephyrin colocalizes with "uncapped" actin and that this interaction requires ena/VASP as an adaptor (Bausen et al., [@B2]). In addition, cytochalasin D application induced a preferential loss of small gephyrin clusters from immature but not more differentiated hippocampal neurons, suggesting a transient and early role of the actin cytoskeleton in gephyrin scaffold formation (Bausen et al., [@B2]). Gephyrin binds also to polymerized tubulin (Kirsch et al., [@B38]). Whether this interaction involves adaptor proteins like the tubulin- and gephyrin-binding protein KIF5 (Maas et al., [@B50]) has not been investigated. However, exon 14 of the murine gephyrin gene encodes a 14 amino acid sequence that is 80 and 60%, respectively, identical to imperfect repeat motifs of MAP2 and tau (Ramming et al., [@B63]). In these microtubule-associated proteins, three such repeat motifs are known to be required for tubulin polymerization and microtubule binding. Thus, gephyrin trimers might directly bind to microtubules via these motifs.

Furthermore, gephyrin binds the cytoplasmic loop of the GlyR β-subunit (Meyer et al., [@B55]; Sola et al., [@B76]), the brain-specific guanine nucleotide exchange factor (GEF) collybistin (Cb; Kins et al., [@B35]), the postsynaptic adhesion molecule neuroligin 2 (NL2; Poulopoulos et al., [@B62]) and the actin-binding protein profilin (Mammoto et al., [@B54]). Thus, gephyrin clearly is not just a simple scaffolding protein.

In the present review we focus on the GDP/GTP-exchange factor Cb and summarize the current state of knowledge concerning its role in inhibitory synapse formation. In addition, we discuss unmet challenges and open questions which should be addressed to deepen our understanding of the molecular mechanisms involved in Cb-dependent clustering of gephyrin and GABA~A~Rs at inhibitory postsynapses.

Structure of Cb
===============

A yeast two-hybrid screen with gephyrin originally identified two Cb splice variants (Cb I and Cb II) which both harbor a dbl-homology (DH) and a pleckstrin-homology (PH) domain connected by a short linker sequence (Figure [2](#F2){ref-type="fig"}A; Kins et al., [@B35]). Such DH/PH tandem domains are found in all known dbl-like GEFs and are considered a signature of this family of GEF. The DH-domain mediates the GDP/GTP-exchange activity of bdl-like oncoproteins, and the human homolog of Cb, hPEM-2, has been first shown to be a GEF specific for the small GTPase Cdc42 (Reid et al., [@B65]). The PH region is thought to regulate the attachment of GEFs to membranes by binding to phosphoinositides (Hyvonen et al., [@B26]), and the PH-domain of Cb has been shown to interact specifically with phosphatidylinositol-3-phosphate (PI3P; Kalscheuer et al., [@B30]).

![**(A)** Schematic representation of the domain structures of known Cb isoforms (according to Kins et al., [@B35]; Harvey et al., [@B24]). **(B)** Co-expression of Cb isoforms differentially affects gephyrin distribution in COS7 cells. COS7 cells expressing either **(a)** GFP--gephyrin alone (green), or together with **(b)** Myc-tagged CbII~SH3+~ (red), or **(c)** Myc-tagged CbII~SH3−~ (red) are shown. Nuclei (blue) were visualized by DAPI-staining. Note that co-expression of Cb II~SH3−~ and gephyrin induces the formation of numerous submembranous gephyrin clusters **(c)**. Scale bars, 20 μm.](fncel-05-00011-g002){#F2}

Murine Cb I and Cb II differ in their C-terminal regions (Kins et al., [@B35]). The longer variant Cb I contains a segment predicted to form a coiled coil, a structure known to mediate protein interactions. In 2004, Harvey et al. identified a third splice variant, Cb III (Figure [2](#F2){ref-type="fig"}A), which contains another C-terminus that shares 59 out of 60 residues with the C-terminus of human Cb (hPEM-2; Reid et al., [@B65]; Harvey et al., [@B24]).

A second region of variation is the N-terminus of Cb. The N-terminal region of Cb I contains an additional Src homology 3 (SH3) domain, whereas for Cb II two splice variants were detected, one containing (Cb II~SH3+~) and one lacking (Cb II~SH3−~) the SH3-domain (Figure [2](#F2){ref-type="fig"}A; Harvey et al., [@B24]). Since Cb II~SH3−~ catalyzes nucleotide exchange on Cdc42 more efficiently than Cb I (Xiang et al., [@B85]), it is thought that similar to what is known for the homologous GEFs Asef 1 and 2 (Hamann et al., [@B22]; Mitin et al., [@B57]), the SH3-domain acts as an auto-inhibitory domain retaining Cb I, Cb II~SH3+~, and Cb III in an inactive conformation. To demonstrate an interaction of Cb with gephyrin in mammalian cells, Kins et al. ([@B35]) used an assay previously employed to characterize the interaction of the GlyR β-subunit with gephyrin (Meyer et al., [@B55]). This assay was based on the observation that recombinant gephyrin forms large intracellular aggregates that "trap" hetero-oligomeric GlyRs (Kirsch and Betz, [@B37]) or green fluorescent protein (GFP) carrying a gephyrin-binding motif (Kneussel et al., [@B42]). These gephyrin aggregates have been shown to colocalize with the microtubule organizing center (MTOC) marker γ-tubulin (Maas et al., [@B51]), the actin uncapping protein ena/VASP as well as cotransfected γ-actin (Bausen et al., [@B2]), and thus appear to be linked to cytoskeletal structures. Figure [2](#F2){ref-type="fig"}Ba illustrates the large aggregates generated upon over-expression of GFP--gephyrin in mammalian cell lines. Notably, upon co-expression Cb II~SH3+~ colocalized with gephyrin in these large cytoplasmic aggregates (Figure [2](#F2){ref-type="fig"}Bb), whereas coexpressed Cb II~SH3−~ not only colocalized but caused a redistribution of gephyrin into small (diameter, 0.2--0.5 μm) microclusters beneath the plasma membrane (Figure [2](#F2){ref-type="fig"}Bc). This observation led to the hypothesis that Cb II~SH3−~ induces submembranous gephyrin microaggregates, which resemble the GlyR clusters found at the initial steps of postsynaptic membrane differentiation (Kins et al., [@B35]).

It is noteworthy that intracellular aggregates of neuronal endogenous gephyrin were also observed *in vivo* both at early stages of neuronal maturation (Colin et al., [@B8], [@B7]; Sassoe-Pognetto and Wassle, [@B69]; Papadopoulos et al., [@B60]) and after partial denervation of the goldfish Mauthner cell, an identified neuron in the teleost brainstem (Seitanidou et al., [@B72]). This suggests that gephyrin accumulation in aggregates or "blobs" is not just an artifact caused by over-expression of recombinant gephyrin in heterologous cell lines. However, whether endogenously formed gephyrin aggregates colocalize with γ-tubulin (Maas et al., [@B51]), Mena (the neuronal ena/VASP isoform) and/or γ-actin (Bausen et al., [@B2]) or collybistin (Kins et al., [@B35]) remains to be elucidated.

Function of Cb: Insights from the Analysis of KO Mice
=====================================================

*In vivo* evidence for the requirement of Cb in gephyrin clustering was provided by inactivating the Cb gene in mice (Papadopoulos et al., [@B61]). This revealed that in the absence of this neuronal GEF, gephyrin and gephyrin-dependent GABA~A~R subtypes are lost from postsynaptic sites in selected regions of the mammalian forebrain (Figure [3](#F3){ref-type="fig"} and not shown). As a consequence, reduced GABAergic transmission, altered hippocampal synaptic plasticity, increased anxiety scores and impaired spatial learning were observed in the Cb KO animals (Papadopoulos et al., [@B61]; Jedlicka et al., [@B29]). Furthermore, using the Cre-loxP strategy to specifically inactivate the Cb gene at different developmental stages, it could be shown that Cb is required for both the initial formation and the maintenance of GABAergic postsynapses in the mouse hippocampus (Papadopoulos et al., [@B60]). However, in the brainstem and spinal cord of Cb KO mice, glycinergic transmission and gephyrin clustering were indistinguishable from wildtype (WT) animals (Papadopoulos et al., [@B61]). These studies on Cb KO mice extended the diversity of regulatory mechanisms underlying the formation and maintenance of inhibitory postsynaptic membrane specializations by disclosing two types of gephyrin-dependent clustering reactions for inhibitory neurotransmitter receptors, Cb-dependent and Cb-independent ones. In addition, the unimpaired clustering of GABA~A~Rs containing the α2 and γ2 subunits in the cerebellum of the Cb KO mice, a region in which gephyrin cluster density was strongly affected, confirmed the existence of gephyrin-independent GABA~A~R clustering mechanisms as previously proposed (Knuesel et al., [@B43]; Fischer et al., [@B15]; Sassoe-Pognetto and Fritschy, [@B68]; Kneussel et al., [@B41]; Levi et al., [@B47]). The reasons for the region-specific roles of Cb are currently unknown but might reflect compensation or interaction specificity. Interestingly, Mdx mice lacking dystrophin exhibit a marked reduction in the clustering of GABA~A~Rs containing the α2 subunit but retain gephyrin clustering in the cerebellar cortex, suggesting a dystrophin-dependent and gephyrin-independent mechanism for the clustering of selected GABA~A~R subtypes (Knuesel et al., [@B43]). In line with this view, a rather recently published study demonstrates that synArf-GEF, a member of the brefeldin A-resistant Arf-GEF/IQSEC family, activates Arf6 and localizes preferentially at inhibitory postsynaptic specializations by forming a complex with the dystrophin-associated glycoprotein complex (DGC) and the synaptic scaffolding molecule, S-SCAM (Fukaya et al., [@B18]). S-SCAM was previously shown to interact directly with two inhibitory postsynaptic components, β-dystroglycan and NL2 (Sumita et al., [@B79]), suggesting that the interaction of synArf-GEF with dystrophin and S-SCAM enables synARf-GEF to activate Arf6 in the proximity of the DGC and NL2 at inhibitory synapses. Thus, in addition to Cb, synArf-GEF is the second known regulator of GTPases that shows a preferential localization at inhibitory postsynaptic sites.

![**Reduced density of gephyrin clusters in the Cb KO hippocampus**. Brain sections through the hippocampus \[CA1, stratum pyramidale (SP), and stratum radiatum (SR)\] of WT **(A)** and Cb KO **(B)** mice were stained with the gephyrin-specific mAb 7a (green) and an antibody specific for parvalbumin (PAV; red) and processed for confocal microscopy. Note that most of the remaining gephyrin clusters in sections derived from Cb KO mice are localized on dendrites of PAV-positive interneurons. Scale bars, 20 μm.](fncel-05-00011-g003){#F3}

Similar to Cb-deficiency, deletion of NL2 in mice perturbs GABAergic transmission and leads to a loss of postsynaptic specializations (Poulopoulos et al., [@B62]). NLs have pivotal roles in organizing the assembly of different types of synapses (Varoqueaux et al., [@B81]) and ensuring proper synaptic connectivity (Shen and Scheiffele, [@B73]). NL2 binds to gephyrin through a conserved cytoplasmic motif and functions as a specific activator of Cb, thus guiding membrane tethering of the inhibitory postsynaptic scaffold (Poulopoulos et al., [@B62]). However, whereas Cb is required at both dendritic and perisomatic inhibitory synapses for proper clustering of gephyrin and gephyrin-dependent GABA~A~Rs (Papadopoulos et al., [@B61]), NL2 critically functions at perisomatic synapses to drive postsynaptic differentiation, suggesting that other proteins can compensate the loss of NL2 at dendritic inhibitory postsynaptic sites (Poulopoulos et al., [@B62]; Jedlicka et al., [@B28]). In agreement with this hypothesis, NL4 was recently identified as a second postsynaptic adhesion protein capable of interacting with gephyrin and Cb, whose co-expression in heterologous cells results in the formation of NL4, gephyrin and Cb submembranous microaggregates (Hoon et al., [@B25]). In the retina of NL2 KO mice, the number of NL4 immunoreactive puncta was significantly upregulated as compared to WT, suggesting that NL4 can replace NL2 at a subset of inhibitory synapses, and that NL4 and NL2 are functionally related (Hoon et al., [@B25]).

An interesting difference between the Cb KO and the NL2 KO mice emerged from analyzing the network activity in the dentate gyrus (DG) of Cb- and NL2-deficient mice after perforant-path (PP) stimulation *in vivo* (Jedlicka et al., [@B29], [@B28]). Both in Cb KO and NL2 KO animals, an increase in granule cell (GC) excitability after PP stimulation *in vivo* was observed, as compared to WT. However, paired-pulse inhibition (PPI), which is a measure for somatic GABAergic network inhibition and depends on the activity of GABAergic interneurons in the dentate network (Sloviter, [@B75]; DiScenna and Teyler, [@B10]; Bronzino et al., [@B3]), was increased in Cb KO mice as compared to WT, consistent with enhanced GABAergic network inhibition in the DG of the Cb-deficient animals (Jedlicka et al., [@B29]). In contrast, in the DG of NL2-deficient mice PPI was severely impaired and associated with reduced perisomatic clustering of GABA~A~Rs containing the γ2 subunit, and the GABA~A~R-mediated miniature inhibitory postsynaptic currents recorded from NL2-deficient GCs were smaller (Jedlicka et al., [@B28]; Figure [4](#F4){ref-type="fig"}). As the reduction of gephyrin and GABA~A~R clusters containing the α2 and γ2 subunits seen in the DG was more pronounced in the Cb KO than the NL2 KO mice (Jedlicka et al., [@B28]), the enhanced PPI in the Cb KO animals was unexpected (Figure [4](#F4){ref-type="fig"}). A possible explanation could be non-linear network effects (Kapfer et al., [@B32]): reduced dendritic inhibition should make GCs more excitable, and hence GCs may recruit GABAergic feedback inhibition, mediated by soma-targeting interneurons, more effectively (Miles et al., [@B56]; Jedlicka et al., [@B29]; Figure [4](#F4){ref-type="fig"}B). Additional factors might also contribute to the compartment-specific alteration of GABAergic inhibition, e.g., a loss of Cb- and gephyrin-dependent GABA~A~Rs from soma-targeting interneurons (Simburger et al., [@B74]) leading to disinhibition. Furthermore, compartment-specific alterations of the GABA~A~ reversal potential (E~GABA~) may significantly modulate the PPI of GCs, as altered expression of proteins involved in the regulation of chloride homeostasis has previously been reported to modulate PPI in the DG (Kang et al., [@B31]; Kwak et al., [@B45]).

![**Models of the neuronal network in the dentate gyrus (modified from Jedlicka et al., [@B29]; Jedlicka et al., [@B28])**. Basic dentate gyrus circuitry: PP, perforant-path; GC, granule cells; IN, GABAergic interneurons. **(A)** PP-stimulation initiates feed-forward excitation of GCs (PP → GC) along with feed-forward (PP → IN → GC) and feedback inhibition (PP → GC → IN → GC) responsible for the paired-pulse inhibition (PPI) of GC spikes in wildtype animals. **(B,C)** Electrophysiological data from Cb KO and NL2 KO mice indicate that the reduction of GABAergic inhibition leads to an enhanced ability of GCs to fire evoked action potentials \[indicated by the larger blue arrows in **(B,C)**\]. A previously published computational model of GABA~A~R-mediated PPI in the dentate gyrus indicated that PPI results mainly from a combination of perisomatic feed-forward and feedback inhibition of GCs by basket cells. Feed-forward inhibition mediated by basket cells appears to be the most significant source of PPI (Jedlicka et al., [@B27]). Thus, in the DG of NL2 KO mice **(B)**, the observed reduction in PPI might be a consequence of changes in perisomatic inhibition, which lead to an overall increase of the excitation/inhibition ratio in the network. However, in the DG of Cb KO mice **(A)** PPI is increased (Jedlicka et al., [@B29]). This might be a consequence of changes in dendritic inhibition that lead to enhanced recruitment of somatic GABAergic feedback inhibition (indicated by the large red arrow). In addition, other factors leading to enhanced somatic inhibition (indicated by question marks) and contributing to homeostatic adaptation of the inhibitory network in the DG of Cb KO mice might also be involved in the regulation of the excitation/inhibition balance.](fncel-05-00011-g004){#F4}

Electrophysiological recordings from the DG indicate that Cb KO mice display significantly higher field excitatory postsynaptic potentials (fEPSPs) than WT littermates, suggesting a higher efficacy of excitatory synapses in the Cb-deficient hippocampus (Jedlicka et al., [@B29]). Previous experiments in acute hippocampal slices in the CA1 region had yielded similar results, revealing a trend to higher fEPSP slope values (Papadopoulos et al., [@B61]). Notably, in a few Cb KO mice, generalized tonic-clonic convulsions were observed during routine handling (Papadopoulos, unpublished observations). In order to establish the origin of these seizures, the expression of c-fos was monitored; the upregulation of this transcription factor upon neuronal activation by epileptic seizures has been widely documented (Morgan et al., [@B58]; Figure [5](#F5){ref-type="fig"}). Double-labeling with c-fos and glutamate decarboxylase 65 (GAD65) antibodies disclosed that c-fos was mostly upregulated in GAD65-labeled interneurons (Figures [5](#F5){ref-type="fig"}D1--D0). This suggests a preferential activation of GABAergic interneurons in the DG 2 h after a seizure. However, epileptic seizures in Cb KO mice are very infrequent events, and therefore have not been characterized more thoroughly. Notably, Tuff et al. ([@B80]) found enhanced PPI of GC *in vivo* following kindling, an animal model for temporal lobe epilepsy (Tuff et al., [@B80]). The GCs of the DG, which function as a gateway and rate-limiting control unit for the flow of information through the hippocampal trisynaptic circuit (Winson and Abzug, [@B83]), would be an appropriate site of endogenous modulation. Further work is needed to understand whether the compartment-specific alterations of GABAergic inhibition observed in the Cb KO hippocampus, might reflect a carefully orchestrated response of the brain to repeated seizures, designed to stabilize GC excitability and to reduce the likelihood of hippocampal activation and subsequent seizures.

![**Induction of c-fos in the hippocampus of a Cb KO mouse after an epileptic seizure episode**. **(A--C)** Analysis of sections derived from brains of a WT mouse, a Cb KO mouse that had not shown seizures at least 2 h before decapitation (control) and a Cb KO mouse that had an epileptic seizure (ep) 2 h before decapitation disclosed differences between the patterns of c-fos expression in the hippocampus. Specifically, in sections of the Cb KO (ep) brain **(C1,C2)** cells at the border between the GC layer and the hilus exhibited strong c-fos immunoreactivity as compared to control littermates **(A1--B2)**. **(A2--C2)** Represent higher magnifications of the boxed areas indicated in **(A1--C1)**, respectively. Scale bars, 400 μm **(C1)**, 200 μm **(C2)**. **(D)** Coronal section from the dentate gyrus of a Cb KO (ep) mouse double-stained for c-fos **(D1)** and GAD65 **(D2)**. Note that GAD65-labeled cells show strong c-fos labeling in the overlay **(D0)**. Scale bar, 50 μm.](fncel-05-00011-g005){#F5}

Roles of Cb Domains in Gephyrin Clustering at Inhibitory Postsynapses
=====================================================================

The SH3-domain
--------------

As mentioned above, the SH3-domain of Cb is believed to act as an auto-inhibitory domain which retains Cb in an inactive conformation. Harvey et al. ([@B24]) examined SH3 domain usage in the Cb II and Cb III splice variants and found that in postnatal rodent brain the "inactive" Cb II~SH3+~ and Cb III~SH3+~ isoforms are predominant (Harvey et al., [@B24]). Moreover, in transfected cortical neurons both the SH3-containing and SH3-lacking splice variants of Cb were found to similarly redistribute gephyrin into synaptic clusters (Harvey et al., [@B24]). This suggested that in specific neuronal subpopulations SH3-containing Cb isoforms are locally "activated" by an SH3-interacting protein. In agreement with this hypothesis, NL2 and the α2 subunit of GABA~A~Rs were recently shown to interact with both gephyrin and the SH3-domain of Cb and to induce Cb-dependent gephyrin clustering by relieving SH3-mediated inhibition (Poulopoulos et al., [@B62]; Saiepour et al., [@B66]). This led to a model of postsynaptic membrane differentiation according to which the recruitment of NL2 under GABAergic presynaptic terminals is thought to create nucleation sites for gephyrin deposition and subsequent inhibitory receptor clustering by activating Cb through a mechanism involving NL2--Cb and NL2--gephyrin interactions (Poulopoulos et al., [@B62]).

Based on this model, the SH3 domain of Cb is now thought to function as trigger for a switch mechanism, which is specifically activated by NL2 (see Figure [6](#F6){ref-type="fig"}). Additionally, the inability of NL1 and NL3 to bind to and activate Cb (Poulopoulos et al., [@B62]) explains why these NL isoforms do not initiate inhibitory synaptic assembly. A more detailed structure-function analysis of the tripartite NL2--Cb--gephyrin complex is required for further validation and refinement of the signaling mechanism that underlies the assembly of the GABAergic inhibitory synapses. In addition, a more in-depth investigation of the NL2/NL4-dependent but Cb-independent clustering of GlyRs (Poulopoulos et al., [@B62]; Hoon et al., [@B25]) is needed in order to unravel how the formation of inhibitory synapses is triggered in brainstem and spinal cord, where glycinergic rather than GABAergic inhibition prevails.

![**Model of the NL2-induced activation of Cb at inhibitory postsynapses**. **(A)** Gephyrin trimers associated with Cb are transported to subsynaptic sites along the microtubules by forming complexes with motor proteins. For simplicity, motor proteins are not indicated. During transport, Cb adopts a closed conformation, in which the SH3 domain folds back onto the tandem DH/PH-domains, similar to what is known for the autoinhibited form of Asef, the closest homolog of Cb (Kawasaki et al., [@B33]; Mitin et al., [@B57]). In this closed inactive conformation, both the catalytic activity of the DH-domain and binding of the PH-domain to membrane phosphoinositides (see text below) are suppressed due to steric hindrance imposed by the SH3 domain. **(B)** At postsynaptic sites, NL2 molecules clustered by presynaptically expressed Neurexins (NRXs) interact transiently with the cytoplasmic gephyrin--Cb complex. This interaction brings the proline-rich cytoplasmic domain of NL2 into close vicinity of the SH3 domain of Cb. **(C)** A typical SH3 domain--ligand interaction mediated by a PXXP motif in the cytoplasmic domain of NL2 leads to a structural rearrangement in Cb, resulting in a more open conformation of this GEF. Similar to the APC mediated activation of Asef (Mitin et al., [@B57]), binding of NL2 is thought to interfere with the intramolecular interactions between the SH3 and the DH/PH-domains. This transition toward an open state now allows the PH-domain to bind PI3P-rich domains within the plasma membrane, which might be generated postsynaptically as a product of a yet unknown signaling mechanism (see text below) induced by either NL2, Cb, or other inhibitory synaptic molecules. Together with Cb, gephyrin is co-recruited to the PI3P-rich membrane domains where it assembles into the postsynaptic gephyrin scaffold. **(D)** GABA~A~Rs are then recruited to the growing postsynaptic scaffold.](fncel-05-00011-g006){#F6}

The DH-domain
-------------

Dbl-homology-domains are known to mediate the GDP/GTP-exchange activity of bdl-like oncoproteins (Hart et al., [@B23]). A hallmark of small GTPases is to undergo structural changes in response to alternate binding of GDP and GTP. The GDP-bound "off" state and the GTP-bound "on" state recognize different partner proteins, thereby allowing these G-proteins to function as molecular switches. The GTP-bound form interacts with effectors and activates pathways that affect cell morphology, trafficking, growth, differentiation and apoptosis. Inactivation of the GTP-bound form requires binding of the GTPase to another class of GTPase-interacting proteins, the GTPase activating proteins (GAPs; for review see Cherfils and Chardin, [@B6]). GEFs stimulate the dissociation of tightly bound GDP from small G-proteins in response to upstream signals. This reaction involves several stages: first, the GEF forms a low-affinity docking complex with the GDP-bound GTPase. GDP then dissociates from this initial complex, which results in a high-affinity binary GEF--G-protein complex. This intermediate does not accumulate in the cell because it is rapidly dissociated upon GTP binding (Cherfils and Chardin, [@B6]).

Although previous experiments have clearly shown that Cb's gephyrin clustering function is "activated" by NL2, the signaling mechanisms through which Cb activation induces gephyrin recruitment remain enigmatic. As Cdc42 is the only GTPase known to be activated by Cb (Reid et al., [@B65]; Xiang et al., [@B85]), it was previously believed that the interaction of Cb with Cdc42 and activated Cdc42 are required for gephyrin clustering at inhibitory postsynaptic sites (Kneussel and Betz, [@B40]). However, the analysis of Cb mutants deficient in catalyzing GDP/GTP-exchange on Cdc42 and of Cdc42 conditional KO mice clearly demonstrated that Cdc42 is not essential for inhibitory synapse formation (Reddy-Alla et al., [@B64]). Importantly, inactivation of the Cdc42 gene in the mouse forebrain at early developmental stages had no effect on gephyrin and GABA~A~R cluster densities in the hippocampus (Reddy-Alla et al., [@B64]). These findings suggest that other, as yet unidentified Rho-like GTPases are activated by Cb at synaptic sites. Dbl-family proteins display varied selectivities, and the available analyses mainly focused on Cdc42, Rac1 and RhoA (Reid et al., [@B65]; Schmidt and Hall, [@B70]). Non-conserved residues that reside within the GTPase interaction sites of the DH-domains are likely candidates for determining specific coupling (Worthylake et al., [@B84]). A possible scenario thus could be that the DH-domain of Cb discriminates among different G-proteins, thereby regulating the spatio-temporal activation of more than one Rho--GTPase in response to distinct stimuli. Ultimately, different approaches will be needed to identify novel Cb cognate Rho--GTPases in the mouse brain and determine their importance for inhibitory synapse formation.

The PH-domain
-------------

Deletion of the PH-domain of Cb has been previously shown to abolish PI3P binding without affecting the interaction of Cb with gephyrin (Kalscheuer et al., [@B30]). Furthermore, over-expression of a Cb II~SH3−~ deletion mutant lacking the PH-domain interfered with gephyrin clustering at synaptic sites (Harvey et al., [@B24]). However, based on these results it was not clear whether the effects of PH-domain deletion are indeed due to impaired phosphoinositide binding or due to more global effects on protein structure. Reddy-Alla et al. ([@B64]) analyzed the interaction of the Cb PH-domain with PI3P in more detail. In this study, a Cb II~SH3−~ mutant was generated in which the arginine residues R303 and R304 were both replaced by asparagines. These residues reside within the β3--β4 loop of the Cb PH-domain, and their positively charged side chains are surface-exposed. The positively charged surfaces of the β1--β2 and β3--β4 loops of several other PH-domains are known to be involved in membrane lipid anchoring (Hyvonen et al., [@B26]; Yu et al., [@B86]; DiNitto and Lambright, [@B9]). Using immobilized PI3P and purified glutathione-*S*-transferase (GST)-tagged Cb II~SH3−~ and GST--Cb II~SH3−~-RR303-304NN in a lipid overlay assay, the RR303-304 residues were confirmed to be essential for Cb II~SH3−~ binding to this phosphoinositide. Co-expression of the Cb II~SH3−~-RR303-304NN mutant with GFP--gephyrin in NIH-3T3 cells led to the formation of large intracellular GFP--gephyrin aggregates, and its over-expression in cultured hippocampal neurons caused a strong reduction of synaptic GFP--gephyrin clusters colocalizing with epitope-tagged Cb (Reddy-Alla et al., [@B64]). Thus, Cb binding to PI3P appears to be essential for its efficient recruitment to postsynaptic sites together with gephyrin.

PI3P was considered for a long time as a lipid constitutively present on endosomes, mainly produced by class III phosphatidylinositol 3-kinase (PI3K; Gillooly et al., [@B20]; Vicinanza et al., [@B82]), and without any dynamic roles in signaling. However, during the past few years it has become increasingly evident that pools of PI3P can be specifically generated upon cellular stimulation, and PI3P has emerged as a critical intracellular second messenger involved in different pathways (for review see Falasca and Maffucci, [@B13]). Notably, PI3P is known to promote plasma membrane translocation of the glucose transporter 4 (Maffucci et al., [@B52]). Whether Cb can bind to gephyrin associated with PI3P-containing intracellular vesicles, and whether this interaction might be crucial for the translocation of gephyrin and Cb to the plasma membrane remains to be explored. More recently, Falasca et al. ([@B12]) showed that activation of a member of the class II PI3Ks, PI3K--C2α, but not activation of the class III PI3K, hVps34, generates PI3P in the plasma membrane (Falasca et al., [@B12]). In addition, previous studies on the differential sensitivities to PI3K inhibitors of the endosomal versus the plasma membrane pool of PI3P strongly suggest that multiple enzymes are involved in the generation of PI3P (Maffucci et al., [@B52], [@B53]). The general consensus is that class III PI3Ks are responsible for the production of the constitutive endosomal pool of PI3P (Schu et al., [@B71]). Several lines of evidence suggest a potential role of class II PI3K isoforms in agonist-mediated regulations of cellular functions. This includes activation of PI3K--C2α by insulin, TNFα and leptin (Brown et al., [@B4]; Ktori et al., [@B44]), and of PI3K--C2β by insulin and LPA (Brown and Shepherd, [@B5]; Maffucci et al., [@B53]). It appears feasible that inhibitory synapse function involves a yet unknown PI3K enzyme that generates PI3P at specific sites of the neuronal plasma membrane, and thereby regulates Cb-mediated gephyrin deposition at synaptic sites. Clearly further work is needed to fully understand how Cb regulates gephyrin deposition at inhibitory postsynapses.

Perspectives
============

Unraveling the molecular mechanisms of the Cb-dependent transport, clustering, and maintenance of gephyrin and GABA~A~Rs at inhibitory synapses will be a key step toward a better understanding of GABAergic transmission in health and disease. This will require detailed knowledge of Cb's specificity for Rho--GTPases expressed in the mammalian forebrain. Once novel candidate GTPases have been identified, defining how their Cb-dependent activation affects gephyrin postsynaptic clustering would be the next step toward understanding the role of this GEF in inhibitory synapse formation. Previous work indicates that different actin-associated proteins (reviewed in Kneussel and Betz, [@B40]; Moss and Smart, [@B59]), including Mena, the neuronal ena/VASP isoform (Giesemann et al., [@B19]), interact with gephyrin. However, whether Cb can regulate actin cytoskeleton dynamics by activating a Rho--GTPase other than Cdc42 and whether a Rho--GTPase activation is required for gephyrin postsynaptic clustering is currently not known.

Despite the recent progress, the mechanism of PI3P-mediated anchoring of Cb at the postsynaptic membrane remains poorly understood. Whether PI3P is interacting with Cb directly at the plasma membrane upon stimulated accumulation of this phosphoinositide, or whether Cb can bind to gephyrin associated with PI3P at intracellular vesicles remains to be further investigated.

Furthermore, structural analysis of the tripartite NL2--gephyrin--Cb complex would be required for complete understanding how the interaction of NL2 with Cb's SH3-domain mediates Cb activation and subsequent gephyrin postsynaptic clustering.

In addition, a detailed spatio-temporal analysis on the expression of individual Cb isoforms in different regions of the mammalian brain, as well as an electron microscopic demonstration of the subcellular localization of the different isoforms during development will help to understand how the activation of Cb contributes to gephyrin postsynaptic clustering. Lastly, anatomical and electrophysiological studies with Cb-deficient mice will be required to identify the brain regions and neuron subclasses that contain Cb-dependent inhibitory postsynapses and to unravel the roles of Cb in inhibitory synaptic plasticity and adaptive responses to altered network activity.

Conflict of Interest Statement
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

We thank Drs Heinrich Betz, Nils Brose, Liam Tuffy, and Dilja Krueger for helpful discussions and comments on the manuscript. Work of the authors cited in this review was supported by grants from the Max-Planck Society, Deutsche Forschungsgemeinschaft, European Community, and Fonds der Chemischen Industrie.

[^1]: Edited by: Enrico Cherubini, International School for Advanced Studies, Italy

[^2]: Reviewed by: Matthias Kneussel, Zentrum für Molekulare Neurobiologie Hamburg, Germany; Richard Olsen, University of California Los Angeles, USA
